Abstract Protein-protein interactions between human heat shock transcription factor 1 (hHSF1) and general transcription factors TFIIA-␥, TFIIB, TBP, TAF II 32, and TAF II 55 and positive coactivator PC4 were characterized in order to identify potential targets of contact in the transcriptional preinitiation complex. These contacts represent one of the final steps in the signal transfer of heat stress to the transcriptional apparatus. TATA-binding protein (TBP) and transcription factor IIB (TFIIB) were identified as major targets for HSF1 transcriptional activation domains AD1 and AD2 based on in vitro interaction assays. TBP showed affinity for AD2 and a fragment containing AD1, while the core domain of TFIIB interacted primarily with the AD1 fragment. Interactions were also detected between full-length HSF1 and the small subunit (␥) of TFIIA. PC4 interacted weakly with HSF2 and showed even less affinity for HSF1. Coimmunoprecipitation of transiently expressed TBP in HeLa cells demonstrated that HSF1 AD2 and AD1ϩAD2 are able to bind TBP in vivo. Assays based on transcriptional interference confirmed predictions that both TBP and TFIIB can interact with HSF1 activation domains in HeLa cells. The negative regulatory region (NR) of HSF1 did not interact with any general factors tested in vitro but did bind TFIID in nuclear extracts through contacts that probably involve TATA associated proteins (TAFs). These results suggest a model for transcriptional regulation by HSF1 that involves a shift between formation of dysfunctional TFIID complexes with the NR and transcriptionally competent complexes with the C-terminal activation domains.
INTRODUCTION
In metazoans the heat shock (HS) response entails a rapid and sustained activation of transcription on sudden exposure to high temperatures. A substantial body of evidence indicates that under non-HS conditions RNA polymerase II exists in a paused state at the 5Ј end of HS genes in Drosophila and human cells (Rougvie and Lis 1988; Giardina et al 1992; Lee et al 1992; Giardina and Lis 1993; O'Brien and Lis 1993; Lis 1993, 1995; Brown et al 1996; Li et al 1996; Brown and Kingston 1997; Weber et al 1997; Benjamin and Gilmour 1998) . The paused polymerase initiates transcription prior to heat stress and synthesizes from 17 to 46 nucleotides of RNA before transcription is arrested (Rasmussen and Lis 1993) . Within the Droshsp70 promoter, formation of the paused polymerase complex is dependent on the GAGA elements upstream of TATAA, DNA sequences near the transcription start site, and sequences at the pause site (Lee et al 1992) . Consistent with the presence of a paused polymerase at the 5Ј end of HS genes, chromatin reconstruction experiments indicate that the GAGA factor, TFIID, TFIIA, and RNA polymerase associate in vitro with the Droshsp70 promoter under non-HS conditions (Sandaltzopoulos and Becker 1998) . Activated HSF binds to the promoter after HS and plays a role in releasing the paused RNA polymerase (Brown et al 1996; Sandaltzopoulos and Becker 1998) . This early priming of the promoter facilitates a rapid response to stress exemplified by the Droshsp70 promoter, which is activated within 60 s of exposure to high temperatures (37ЊC) (O'Brien and Lis 1993) . In subsequent firings, HSF is involved in sustaining a high rate of reinitiation of polymerase at the promoter (Sandaltzopoulos and Becker 1998) . HSF1 has also been shown to be involved in the remodeling of chromatin downstream from the start site of transcription, a process that may facilitate elongation (Brown and Kingston 1997) .
Human HSF1 is organized into functional domains that provide for DNA binding, trimerization, nuclear locali-zation, transcriptional activation, and regulation of transcriptional activity. Regions involved in DNA binding (DBD), oligomerization (OD), and nuclear localization (NLS) are located in the N-terminal half of HSF1, whereas domains directly involved in transcriptional activation (AD1 and AD2) are present in the C-terminal portion of the protein (Wu 1995) . Also present in the C-terminal region are the C-terminal hydrophobic repeat that regulates trimerization and a negative regulatory domain (NR) that plays a critical role in the on-off regulation of transcriptional activity for AD1 and AD2 (Green et al 1995; Shi et al 1995; Zuo et al 1995; Newton et al 1996) . The core of the NR extends from amino acids (aa) 221 to 310 (Green et al 1995) . DNA fragments containing this region are able to confer heat-inducible activation to the transcriptional activation domains of HSF1 and to the heterologous activation domain of VP16 (Newton et al 1996) .
Presumably, interactions between HSF1 and general transcription factors are central to the activation of transcription, including the release of paused RNA polymerase and reinitiation at HS promoters. It is possible that these types of contacts are also involved in the on-off regulation of HSF1 transcriptional activation domains (AD1 and AD2) by the NR domain of HSF1. Drosophila HSF has been shown to interact directly with TBP in vitro in a manner that promotes cooperative binding of TBP and HSF to the hsp70 promoter (Mason and Lis 1997) . The conserved C-terminal core of TBP was shown to bind to an N-terminal fragment of HSF containing the DNAbinding domain (DBD) and to a C-terminal fragment containing the transcriptional activation domain. Lis and colleagues proposed that the release of Drosophila RNA polymerase from the paused state by HSF may involve displacement of the H domain of the large subunit of RNA polymerase II from TBP (Usheva et al 1992; Lis and Wu 1993; Mason and Lis 1997) .
In the present study we continue to explore the possible relationship between HSF interactions with general transcription factors and transcriptional activation by investigating interactions between hHSF1 and a series of general transcription factors, including TBP, TFIIA-␥, TAF II 32, TAF II 55, and PC4. Interactions between these factors and HSF1 were initially characterized by in vitro assays. For TBP and TFIIB, several additional approaches were employed to evaluate the potential for in vivo interactions with HSF1. Our findings suggest that major contacts occur in HeLa cells between HSF1 transcriptional activation domains and 2 general transcription factors, TBP and TFIIB. In addition, the negative regulatory domain of HSF1 has the potential to bind non-TBP components of TFIID (presumably TAFs) under both basal and HS conditions. We propose that interactions between TBP and the regulatory and transcriptional activation domains of HSF1 determine the capacity of HSF1 to activate transcription by forming transcriptionally active and nonactive complexes.
MATERIALS AND METHODS

Expression vectors and clones
HSF1 and general transcription factors were translationally fused to glutathione-S-transferase (GST) and expressed in Escherichia coli using vector pGEX-SB, which was derived from pGEX-KG (Guan and Dixon 1991) by removing the EcoR I and Hind III sites and inserting a Bgl II site adjacent to the Sal I site. All HSF and ScTBP (yeast TBP; aa 1-82) translational fusions were inserted between Sal I (N-terminus) and Bgl II sites in pGEX-SB and expressed in E. coli strain BL21 by 0.1 mM IPTG induction for 3 h at room temperature. The bacterial pellets from 50 mL of culture (OD600 ϭ 1-2) were suspended in 3 mL of buffer A100 and lysed by sonication on ice. The protein lysates were collected after a brief centrifugation (4ЊC) and stored at Ϫ20ЊC. GST fusion proteins were purified using glutathione Sepharose 4B beads (Pharmacia) and were stored in buffer A100 without BSA. Buffer A100 (buffer A with 100 mM NaCl) contained 1.25 mL 1-M HEPES pH 7.5, 0.25 mL 1-M MgCl 2 , 12.5 L 0.4-M EDTA, 6 mL glycerol, 0.29 g NaCl, 2 L ␤-mercaptoethanol, 50 L NP-40, and 50 L 4% BSA per 50 mL (0.004% final). Protein quantification was estimated by SDS-PAGE and Coomassie Brilliant Blue staining of protein immobilized on beads to ensure that assays contained approximately equal amounts of GST fusion proteins.
Sources for plasmids and vectors were as follows: GST-VP16 (aa 413-490), GST-VP16 (⌬456-FP442), and T7 epitope-tagged hTFIIB in pET5a (Novagen) were kindly provided by S.G.E. Roberts and M.R. Green (University of Massachusetts) (Roberts and Green 1994) . A human TBP cDNA clone was provided by R.G. Roeder (The Rockefeller University) (Hoffman et al 1990) and was tagged by cloning into vector p24d-SB, which was derived from pET24d (Novagen) by blunt-ending the Bgl II site and inserting a linker with sites for Sal I positioned upstream and Bgl II downstream. Clones for PC4 (Ge and Roeder 1994) , hTAF II 32 (Hisatake et al 1995) , hTAF II 55 (Chiang and Roeder 1995) , and TFIIA-␥ (Ozer et al 1994) were obtained from the HeLa S3 Matchmaker cDNA library (Clontech) by PCR cloning using gene-specific primers.
Protein-binding assays
The binding assays (pull-down assays) were conducted in 100 L of buffer A150, or A300, with approximately 5 g of GST-fusion protein attached to Sepharose beads and 5 L of T7-tagged protein (ligand) lysate. The bind-ing incubation was 2 h at 4ЊC with gentle rocking. The beads were then extensively washed with buffer A containing NaCl and 0.004% BSA. Proteins were released from the beads by boiling after addition of 40 L of SDS loading buffer and were resolved by 10% SDS-PAGE. Monoclonal antibodies against the T7 epitope (Novagen) and a chemiluminescense detection system (ECL; Amersham) were used to detect T7-tagged proteins by Western blot analysis.
HeLa cell transfection and heat shock treatment
HeLa cells were grown at 37ЊC in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum and transfected by the calcium phosphate precipitation method (Ausubel et al 1991) . Transfections contained 0.5 g of Gal4-DBD fusion constructs in vector pCI-neo (Promega), 0.5 g of human growth hormone reporter (pXGH5; Nichols Institute Diagnostics) for monitoring transfection efficiency, and 2 g of pG5Luc luciferase reporter DNA (Patel et al 1995) . Forty-four hours after transfection, cells were incubated for 2 h at either 42ЊC (heat shock) or 37ЊC (control) and allowed to recover for 2 h at 37ЊC before harvesting. Transcriptional efficiency was determined based on synthesis of human growth hormone estimated with the hGH-TGES 100T Kit according to the suppliers protocol (radioimmune assay; Nichols Institute Diagnostics). Luciferase activity was determined using a kit from Promega. All pCI-neo vectors and all derived vectors were modified by elimination of the original Bgl II site to be compatible with cloning strategies.
Transcriptional interference assay for analysis of in vivo interactions
A series of transcriptionally inactive mutants of human transcription factors TFIIA-␥, TBP, TFIIB, TAF32, and PC4 were cloned into the Sal I and Bgl II sites of the mammalian protein expression vector pT7-NLS. pT7-NLS was derived from pCI-neo by addition of a T7-tag for the detection of expressed proteins and by insertion a 13 amino acid nuclear localization signal (NLS) from human DNA ligase I (Montecucco et al 1995) for transporting expressed proteins into the nucleus. HeLa cells were cotransfected with 4 plasmids: 3 g of the transcriptionally inactive mutants in the pT7-NLS vector, 2 g of reporter plasmid pG5luc containing GAL4-binding sites upstream of luciferase gene, 0.5 g of the effector construct containing GAL4-DBD/AD1ϩ2 fusion in the pCI-neo vector, and 0.5 g of pXGH5 (growth hormone reporter). The final amount of DNA for each transfection was equalized by substituting empty vector pCI-neo DNA where appropriate. All transfections were conducted in triplicate, and activities of the luciferase reporter gene were normalized for transfection efficiency against units of human growth hormone.
Coimmunoprecipitation
A second method used to detect in vivo associations between the activation domains of hHSF1 and general transcription factors was based on their coimmunoprecipitation. The vector pNG-SB was derived from pCI-neo by the addition of aa 1-97 of the GAL4 DBD (Xho I/Sal I) and modification of the polylinker to include a unique Bgl II site for construction of C-terminal fusions (Sal I/Bgl II). The vector pNT7-SB was constructed in a similar manner with the T7 epitope substituted for the GAL4 DBD. Cterminal fragments of HSF1 containing AD2, mutated AD2, and AD1ϩ2 were cloned into pNG-SB as GAL4 DBD fusions, and TBP was cloned into pNT7-SB. Vectors containing HSF1 activation domains and TBP were cotransfected into HeLa cells. Forty-eight hours after transfection, cells were harvested and lysed by 3 rounds of freezing and thawing in buffer A500 plus a cocktail of proteinase inhibitors (0.1 mM PMSF, 2 g/mL leupeptin, 3 g/mL pepstatin A, 40 g/mL antipain). The lysates were cleared by centrifugation for 5 min at 4ЊC and then diluted with buffer A0 to a final salt concentration of 150 mM (buffer A150). GAL4-DBD fusions were coimmunoprecipitated from cellular lysates with anti-GAL4-DBD monoclonal antibody (mAb) (Santa Cruz Biotechnology), which was covalently cross-linked to protein A-Sepharose beads using DMP (dimethylpimelimidate) (Harlow and Lane 1988) . The beads were washed twice with buffer A150 and boiled for 5 min in SDS loading buffer. Released proteins were resolved by 10% SDS-PAGE and blotted to Immobilon PVDF membrane (Millipore). The membrane was then probed with mAb against the T7-epitope to detect the T7-tagged TBP.
Pull-down assay to detect binding to TBP transiently expressed in HeLa cells
Human TBP and its deletions were cloned into Sal I and Bgl II sites of vectors pNT7-SB (without added NLS for wild-type TBP) or pT7-NLS (with added NLS for deletions of TBP) and transiently expressed (48 h) in HeLa cells. Cells were lysed in buffer A500 plus proteinase inhibitors. The lysates were collected after a 10-min centrifugation (4ЊC) and incubated with rocking for 2 h at 4ЊC in buffer A150 with 5g of GST-AD1 or GST-AD1ϩ2 fusion proteins immobilized on Sepharose-4B beads. The beads were washed 3 times with buffer A150 and boiled for 5 min in SDS loading buffer. Released proteins were analyzed by Western blotting as described.
TFIID Complex pull-down assays using GST-fusions of HSF1
For detection of interactions of HSF1 AD2 and AD1ϩ2 with the TFIID complex, binding reactions consisted of 180 L of buffer A100 plus 0.1% NP-40, 50 L of the HeLa nuclear extract, and 20 L of immobilized GST-AD2 or GST-AD1ϩ2. The reaction mixtures were adjusted to 100 mM, 150 mM, or 250 mM by adding 3 M KCl and then incubated for 2 h at 4ЊC with gentle rocking. The beads were washed twice with buffer A150 and bound proteins eluted by buffer A500 and visualized by Western blotting. Endogenous TBP in the TFIID complex was detected by anti-hTBP mAb from Promega. For detection of interactions between the negative regulatory region (NR) and the TFIID complex, 500 L of buffer A100 and 500 l HeLa nuclear extract were mixed and passed through a GST-NR affinity column (150 L of GST-NR) by gravity at 4ЊC. The beads were washed with 1.5 mL of buffer A100 and bound proteins eluted with buffer A500. Visualization was performed by Western blotting using anti-hTBP antibody.
In order to identify potential targets of HSF contact involved in the activation of transcription, interaction studies were conducted in vitro using immobilized glutathione S-transferase (GST) fusion constructs of hHSF1 and various proteins present in the preinitiation complex (PIC). Potential target proteins included in this study were 2 general transcription factors (TBP and TFIIB), TAFs 32 and 55, and the positive coactivator PC4. The GST-HSF fusion proteins were bound to glutathione-Sepharose beads forming an affinity matrix that was incubated with extracts containing recombinant peptides derived from general transcription factors expressed in E. coli or HeLa cells. The binding reactions were conducted at near physiological salt concentrations and pH to approximate conditions in vivo. Ligand proteins and their respective deletion constructs were T7-epitope-tagged to facilitate detection of bound proteins by Western blotting. Since 13% of the residues in HSF1 activation domain 2 (AD2) are acidic (Green et al 1995) , binding assays using GST fusions with the acidic activator VP16 (GST-VP16) were conducted for comparison. Negative controls for no or little binding were conducted using GST, the VP16 (⌬456-FP442) mutant that does not bind TFIIB in vitro (Roberts et al 1993) , and an N-terminal truncation mutant of yeast TBP, scTBP (aa 1-82). The nonmutated VP16 activation domain (aa 413-490) was also used as a positive control for binding where appropriate. The binding reactions were initially optimized to determine suitable levels of input for free ligand protein (data not shown). Subsequent experiments were then conducted with appropriate positive and negative controls to provide context for assessing the strength of interactions. The choice of factor proteins selected for testing was determined by availability and by previously demonstrated ability to interact with the acidic activator VP16. A limited number of interactions were tested using GST fusion constructs of hHSF2.
A similar pattern of interaction with HSF1 was observed for TFIIB (Fig 1C) . In addition to interacting with full-length HSF1, TFIIB also showed affinity for HSF1 constructs containing hydrophobic region B (HR-B) of the OD (constructs 5 and 6) and with a fragment containing AD1 present in construct 7. As with TBP, no interactions were seen between TFIIB and the negative control region (NR) demonstrated with HSF1 constructs 10 through 13. TFIIB differed from TBP by showing a strong preference for the AD1 fragment, whereas TBP interacted strongly with both AD1 and AD2. Although interactions with HSF2 were not mapped in detail, it does have potential for TFIIB interaction as demonstrated in Figure 1C , lane H2.
Other limited studies were conducted with TFIIA-␥ and positive coactivator PC4. Binding studies conducted with full-length TFIIA-␥ indicated moderate affinity for AD2 of HSF1 ( Fig 1D, construct 8 ). The more intense band seen with construct 9 suggests that TFIIA-␥ also interacts with the fragment containing AD1 since this construct contains both activation domains. PC4 interacted with full-length HSF2 weakly ( Fig 1F, lane H2 ) and even more weakly with HSF1 ( Fig 1F, lane 1) .
Two components of TFIID, TAF II 32 and TAF II 55, were tested for interactions with the full series of HSF deletions. TAF II 32 is known to interact with VP16 acidic activator (Klemm et al 1995) , whereas TAF II 55 does not bind VP16 in vitro (Chiang and Roeder 1995) . HSF1 affinities clearly differed from those of VP16 in showing no binding to TAF II 32 ( Fig 1E, lane C3) . Another difference between VP16 and HSF1 was evident by the interaction between TAF II 55 and the OD (Fig 1E, TAF II 55 blot, construct 6). However, the TAF II 55 binding to the OD is difficult to interpret since no binding was observed using full-length HSF1 ( Fig 1E, TAF II 55 blot, construct 1).
Core domains of the TBP and TFIIB interact with HSF1
The site of interaction of TBP with HSF1 was mapped in vitro at a salt concentration of 150 mM KCl. Binding reactions were conducted 2 ways: with HSF1 activation domains AD1 plus AD2 ( Fig 1A, construct 9 ) or with TBP deletion mutants immobilized on beads. Interactions required the presence of TBP conserved core repeat 1 (R1; aa 156-221) as indicated by the binding of TBP construct 2 and the lack of binding by TBP constructs 4 and 5 ( Fig  2B,C) . Interactions with construct 5 were weak and variable (compare panels B and D with C). The reciprocal experiment using GST-AD1ϩ2 as the matrix-bound pro- tein and T7-tagged deletion fragments of TBP (expressed in HeLa cells) as the ligand gave identical results (Fig 2,  panel D) . From these experiments it is unclear whether core repeat 1 alone binds HSF1 or whether binding requires TBP repeats 1 and 2 together since isolated core repeats may not assume the proper structure.
Similar experiments were conducted using various deletion constructs of T7-tagged TFIIB as shown in Figure  3 . In these assays GST-AD1ϩ2 was immobilized on beads and incubated with recombinant TFIIB from E. coli lysates in binding reactions containing either 150 or 250 mM KCl. Full-length TFIIB, as well as constructs containing TFIIB core repeat 1 (R1), showed strong affinity for AD1ϩ2 as indicated with constructs 1, 2, 5, and 6. An exception was seen with construct 4, which contained the isolated R1 from aa 109 to 207 and showed much weaker binding. The fact that other TFIIB constructs with deletion boundaries at residue 109 (constructs 5 and 6) or at residue 207 (construct 2) showed stronger binding to AD1ϩ2 than isolated R1 (construct 4) may indicate that regions of repeat 2 also contribute either directly or indirectly to interactions with AD1ϩ2.
HSF1 activation domains bind endogenous TBP and TFIID from HeLa nuclear extracts
Since human TBP is associated with TAFs in the TFIID complex in vivo, it is important to determine whether the activation domains of HSF1 are capable of interacting with TBP as a component of the native TFIID complex. In Figure 4A , immobilized GST-AD2 was incubated with whole-cell HeLa extracts from cells expressing T7-tagged TBP. GST-AD2 was able to bind the transiently expressed TBP with high efficiency as seen by comparison with the input amount (Ip). In a second experiment, immobilized GST-fusions with either AD2 or AD1ϩ2 were used in binding assays with HeLa nuclear extract prepared from nontransformed cells. The bands seen in Figure 4B indicate that endogenous TBP was able to interact with GST-AD1ϩ2 in salt concentrations up to 250 mM KCl. This result does not differentiate between the possibilities that HSF1 interactions may occur with TBP directly and/or with TAF II s associated with TBP. The much weaker binding to AD2 in Figure 4B compared to panel 4A may be due to the overexpression of the T7-tagged TBP and the possibility of enhanced binding to AD1ϩ2 due to the synergism of binding TBP by the 2 activation domains. Bands for AD2 binding in Figure 4B were visible on longer exposures (not shown).
Coimmunoprecipitation suggests in vivo interaction between TFIID and HSF1 transcriptional activation domains
As a further test of the potential for interaction between the transcriptional activation domains of HSF1 and TBP, coimmunoprecipitation experiments were conducted using proteins expressed in HeLa cells. Activation domain constructs were fused to the GAL4 DBD to ensure nuclear transport and to provide an epitope for immunoprecipitation. Western blot analysis of proteins precipitated by the GAL4 DBD antibody demonstrated the presence of TBP (T7-tagged) in complexes containing GAL4-AD2 and GAL4-AD1ϩ2 (Fig 5, lanes 4 and 5, lower band) . A clear increase in binding was evident with the GST-AD1ϩ2 construct compared to GST-AD2 alone. Significantly, the AD2 mutant (MA-1) was unable to bind TFIID as evidenced by the absence of TBP in lane 3 (Fig 5) . This lack of interaction correlates with the drastically reduced transcriptional activity of the MA-1 mutant (aa substitutions: D477V, D482A, L515P, and P522K) (Yuan et al 1997) , suggesting that AD2-TBP interactions in vivo may be required for transcriptional activity of HSF1. Interactions between TBP and HSF1 demonstrated by coimmunoprecipitation. Chimeric proteins GAL4-AD2, GAL4-AD1ϩ2, or GAL4-AD2 (MA-1) were coimmunoprecipitated with T7-tagged TBP coexpressed in HeLa cells. Plus sign (ϩ) represents the presence of each plasmid in the transfection mixture. The AD2 (MA-1) construct contains a mutated AD2 that is severely impaired in transcriptional activity when assayed in yeast cells (Yuan et al 1997) . Protein complexes were first immunoprecipitated using anti-GAL4 DBD antibody covalently cross-linked to protein A-Sepharose beads. The presence of T7-tagged TBP in the complexes was then detected by probing the Western blot with anti-T7 tag antibody.
Fig 6.
Negative region of HSF1 binds TFIID in HeLa nuclear extracts. Nuclear extracts (500 L) prepared from heat-stressed (HSϩ) and non-heat stressed (Ϫ) cells were used in binding reactions with immobilized GST and GST-negative region fusion proteins (GST-NR) in 100 mM KCl. The GST-NR construct contained the region from aa 212 to 310 of hHSF1. TBP was visualized by probing the blotted proteins with anti-TBP antibody. HeLa whole-cell extracts bound to GST-AD2 and GST-AD1ϩ2. Fifty microliters of whole-cell extract and 20 L of GST-AD1ϩ2 were used for the binding assays at the salt concentrations indicated. TBP was visualized by anti-T7 epitope monoclonal antibody or anti-hTBP. Lanes: C ϭ GST negative control; Ip ϭ input amount; 2 ϭ AD2; 1ϩ2 ϭ AD1ϩ2; M ϭ marker consisting of T7-tagged TBP expressed in E. coli.
Negative region of HSF1 binds TFIID from HeLa extracts
The GST pull-down assay was also used to detect possible interactions between native TFIID and the negative regulation domain (aa 221-310) of HSF1 (Fig 6) . Nuclear extracts prepared from heat-stressed and non-heatstressed HeLa cells were incubated with either GST-NR or GST in a binding reaction containing 100 mM KCl. Bound proteins were blotted and probed with anti-TBP antibody. The presence of TBP was evident in the pulldown assay using GST-NR, with the specificity of the interaction demonstrated by the lack of binding to GST alone. It is also significant that similar amounts of TBP were bound from heat-stressed and non-heat-stressed nuclear extracts. Since the NR showed no direct affinity for TBP in vitro (Fig 1B, lanes 10-13) , TBP is assumed to interact indirectly through tight association with other Transcriptional interference assay demonstrates the effect of coexpressed TBP mutants on the transcriptional activity of AD1ϩ2. One effector plasmid contained HSF1 activation domains AD1ϩ2 fused to the GAL4 DBD in vector pNG-SB. The other effector consisted of the indicated TBP deletions with the T7-tag and nuclear localization signal cloned into vector pT7-NLS. The reporter was the luciferase gene with 5 GAL4 DNA-binding sites upstream of the TATA-box (pG5luc). Lane marked ''C'' contained pCI-neo as an empty-vector control with only polylinker downstream of the CMV promoter. The following DNAs were cotransfected into HeLa cells: 0.3 g of GAL4-AD1ϩ2, 3 g of the TBP mutant, 2 g of pG5luc, and 0.5 g of the growth hormone reporter (pXGH5) as an internal standard. For all assays, luciferase activities of triplicate transfections were normal-← ized against production of human growth hormone to establish relative activities. Activity of pCI-neo alone was assigned a value of 100%. (D) Transcriptional interference assay demonstrating little effect of TBP mutants on the transcriptional activity of VP16. VP16 activity was monitored using a mammalian 2-hybrid system to reconstitute VP16 activity by coexpression of GAL4 DBD-P and N-VP16 vectors (Patel et al 1995) . Coexpression of TBP mutants and the empty-vector control were as described in panel C. The ratio of VP16 effector to TBP mutant DNAs was 1:10 in transfections. Activity of the VP16 effector alone was assigned a value of 100%. Activity of GAL4-HSFAD1ϩ2 was 0.39 times the activity of the 2-hybrid GAL4-VP16.
proteins that contact the NR. Likely candidates for these bridging proteins include 1 or more of the TAFs.
Functional test for involvement of TBP in the transcriptional activation pathway of HSF1
An assay based on transcriptional interference (Colgan et al 1993) (Fig 7) served as a functional demonstration of protein-protein interactions in vivo between AD1ϩ2 of HSF1 and TBP. Activity was monitored in transient assays using a reporter gene driven by GAL4-binding sites in the promoter (pG5luc). In these experiments, transcriptional activity of the GAL4-AD1ϩ2 activator protein was inhibited by coexpression of a TBP mutant protein. To ensure that the activities obtained from the coexpression of the GAL4-AD1ϩ2 activator and various TBP mutants were activator dependent, basal activities of the TBP wildtype and mutant constructs alone (no GAL4-AD1ϩ2 effector) were measured and found to be less than 5% of activated transcription obtained with the GAL4-AD1ϩ2 construct (Fig 7C, lane C) . Titration of the GAL4-AD1ϩ2 vector indicated that DNA levels between 0.2 and 2 g showed no significant self-inhibition of activity (not shown). When 0.3 g of the GAL4-AD1ϩ2 plasmid was cotransfected with 3 g of TBP mutant DNA encoding from aa 156 to 335 (Fig 7A, construct 2) , a clear inhibition of activity was observed. This reduction in activity is consistent with the formation of a dysfunctional complex between the mutant TBP and the C-terminal activation domains of HSF1. A comparison of activities between TBP construct 2 and construct 4 indicated that the interaction requires core repeat 1 from aa 156 to 220, consistent with the in vitro studies (Fig 2) . Alternatively, TBP may make contact with coactivators that are required in HSF1 activation of transcription. All TBP constructs showed similar protein expression levels as indicated by Western blot analysis (Fig 7B) . The lack of inhibition by the TBP 1-300 (construct 6) was surprising and seems to indicate that this C-terminal truncation of TBP is functional under these conditions; alternatively, the global structure of the mutant TBP may be perturbed in a manner that prevents HSF1 AD1ϩ2 interaction in vivo. In transformations, the first effector was the GAL4-AD1ϩ2 fusion in vector pNG-SB, and the second effector was the indicated TFIIB deletion fragment with the T7-epitope tag and nuclear localization signal in vector pT7-NLS. The luciferase reporter plasmid was pG5luc, and DNA from pCI-neo served as the empty-vector control (lane C). Cotransfected DNAs were as follows: 0.3 g of GAL4-AD1ϩ2, 3 g of TFIIB mutant, 2 g of luciferase reporter (pG5luc), and 0.5 g of growth hormone reporter (pXGH5). Luciferase activity from triplicate assays was normalized using human growth hormone expression.
In order to determine whether the inhibition observed with TBP construct 2 was specific to the HSF1 activation domains, the acidic activator VP16 (aa 413-490) was coexpressed with TBP mutants. Using the same amounts of activator and TBP vector DNAs as in the GST-AD1ϩ2 assay, no inhibition of activity was observed with any of the TBP mutants (Fig 7D) . This result suggests that, unlike HSF1 activation domains, interactions between VP16 activation domains and the TBP mutants were not strong enough to inhibition transcription in vivo. Alternatively, the lack of inhibition using VP16 may result from a redundancy in pathways of activation for VP16 in vivo. We conclude that the inhibition in activity seen when GST-AD1ϩ2 was coexpressed with the TBP aa 156 to 335 fragment (construct 2) was not due to a global reduction in transcription but was the result of specific interference with transcriptional activation by HSF1. It is noteworthy that, in this case, strong in vitro interactions between VP16 and TBP (Stringer et al 1990; Kim et al 1994) were not reliable predictors of strong interactions in living cells.
Functional test for the involvement of TFIIB in the activation pathway
Coexpression of the TFIIB (1-207) mutant protein with GAL4-AD1ϩ2 in HeLa cells resulted in approximately 70% inhibition of activity suggesting that a dysfunctional complex was formed between the 2 proteins in vivo. It has been shown that interaction between the acidic activator VP16 and helix E1 of TFIIB core repeat 1 is disrupted by R185E and R193E point mutations (Roberts et al 1993) . When these 2 mutations were introduced into the TFIIB mutant protein, no relief of GST-AD1ϩ2 inhibition was observed, suggesting that AD1ϩ2 may not interact with TFIIB in the same manner as VP16 (Fig 8,  construct 3) .
No clear inhibition seen with PC4 mutants
Transcriptional interference assays conducted by coexpressing positive coactivator PC4 with GAL4-AD1ϩ2 served as a negative control for the TBP and TFIIB studies since PC4 was expected to have only minimal involvement in the AD1ϩ2-mediated activation based on the low-affinity interaction with HSF1 obtained in vitro (Fig  1) . The results of the transcriptional interference assay (Fig 9A) were consistent with the in vitro observations, indicating that little or no interaction occurs between hHSF1 and PC4. A slight inhibition of AD1ϩ2 activity was seen with the PC4 (21-127) mutant, which was not observed with PC4 . The slight degree of inhibition exhibited by PC4 seems consistent with the weak indication of interaction with HSF1 and AD2 obtained from the in vitro pull-down assay (Fig 1F) . Western blot analysis (Fig 9C) indicated that similar levels of the 2 PC4 mutant proteins were expressed in HeLa.
DISCUSSION
Using a combination of in vitro and in vivo approaches, we have identified a number of general transcription factors that show potential for interactions with HSF1. GST pull-down assays using recombinant proteins expressed in E. coli indicated strong interactions between HSF1 and TBP, TFIIA-␥, and TFIIB (Fig 1) . Much weaker interactions were observed with PC4. No interactions were detected with TAF II 32, and interactions with TAF II 55 were confined Test for inhibition of GAL4-AD1ϩ2 activity by coexpression of PC4 mutant proteins. Effector plasmids consisted of the GAL4-AD1ϩ2 fusion in vector pNG-SB and PC4 with the T7-tag and nuclear localization signal in vector pT7-NLS. The luciferase reporter plasmid was pG5luc, and DNA from pCI-neo served as the emptyvector control (lane C). Lane numbers correspond to construct designations. Cotransfected DNAs: 0.3 g of GAL4-AD1ϩ2, 3 g of PC4 mutants, 2 g of luciferase reporter (pG5luc), and 0.5 g of growth hormone reporter (pXGH5). The luciferase activity of each transfection was normalized by human growth hormone expression. (C) Western blot of PC4 protein expression. The PC4 mutant proteins were transiently expressed in HeLa cells and detected with anti-T7 tag antibody.
to an isolated fragment of HSF1 containing HR-B of the oligomerization domain. Further indications of interaction were obtained using several methods that utilized proteins expressed in HeLa cells. GST pull-down assays demonstrated that a fragment containing AD1 and isolated AD2 could interact with complexes containing either transiently expressed or endogenous TBP from HeLa nuclear extracts. In addition, coimmunoprecipitation experiments using transiently expressed proteins in HeLa cells established a correlation between the transcriptional competence of AD2 and its ability to bind TBP (or a complex of proteins containing TBP). As an alternative approach, transcriptional interference assays provided a functional test for the ability of HSF1 activation domains to bind TBP, TFIIB, and PC4 in living cells. Of these, the strongest evidence for in vivo interaction was obtained for TBP and TFIIB.
There was a general correspondence between domains of HSF1 that bind to general transcription factors and those that have been shown previously to be involved in transcriptional activity. TFIIB exhibited a strong bias in binding to a fragment containing AD1 versus isolated AD2, whereas TBP, and possibly TFIIA-␥, showed strong interactions with both activation domains. Interestingly, human HSF1 showed more potential for targeting TFIIB than Drosophila HSF, which has only slight affinity for TFIIB in vitro (Mason and Lis 1997) . Interactions between TBP and TFIIB with the OD of HSF1 were also evident using in vitro pull-down assays, although this region of HSFs has not been associated with transcriptional activity in previous studies. A weak interaction was also seen between TBP and the DBD of HSF1 at both moderate and high salt concentrations but was not investigated further. Surprisingly, the OD appeared to exhibit a higher affinity for TFIIB than to either of the 2 C-terminal activation domains. These observations regarding interactions with the OD raise the possibility that some contacts between TBP and TFIIB with HSF1 may not result in enhanced transcriptional activity or that some isolated interactions alone are insufficient to activate transcription.
Activation domains of HSF1 interact with a restricted set of target proteins compared to the archetypal acidic activator VP16. This result was not expected due to the similarity in activation potential of the respective activation domains regarding transcriptional initiation (including reinitiation) and elongation when assayed in vitro (Brown et al 1998) . In our study, VP16 interacted with TBP, TFIIB, TAF II 32, and PC4, whereas HSF1 showed no affinity for TAF II 32 and only weak binding to PC4. Another difference between VP16 and HSF1 was seen in interactions with TFIIB, where point mutations in helix E1 of TFIIB known to disrupt VP16 binding had no effect in alleviating inhibition of HSF1 activation domains in transient assays (Fig 8) . Although AD1 and AD2 show sequence similarity to the pattern of aromatic, hydrophobic, and charged residues typical of VP16, a relatively high proportion of prolines (18%) and serines (24%) are present in AD2.
From our protein interaction studies, it appears that HSF1 targets TBP, TFIIB, and TFIIA-␥ in the transcriptional activation of HS genes; however, these experiments did not specifically address the issue of heat inducibility. Potentially, HSF1 activity may be controlled at multiple steps in its function, including oligomerization, nuclear localization, DNA binding, transcriptional activation, and the attenuation of activity after the heat shock response. At present, 2 domains of HSF1 appear to play major roles in the regulation of activation and deactivation. One of these domains is hydrophobic repeat C (HR-C, aa 384-409), which overlaps the N-terminal half of AD1 (aa 401-421). Deletion or mutation of HR-C results in constitutive nuclear localization and DNA-binding activity of human HSF1, Drosophila HSF (Rabindran et al 1993; Zuo et al 1994) , and chicken HSF1 and HSF3 (Nakai and Morimoto 1993) . Since some mutations within the OD also result in constitutive trimerization, it has been proposed that HR-C interacts with the hydrophobic repeats within the OD to maintain HSF1 in a folded monomeric form under non-heat shock conditions (Rabindran et al 1993; Zuo et al 1994; Wu 1995) . Another important regulatory domain is the NR, which inhibits transcriptional activity of the Cterminal activation domains AD1 and AD2 (Green et al 1995; Shi et al 1995; Newton et al 1996) . This conserved portion of this region extends from aa 221 to 310 and is present in HSF1 from humans, mice, and chickens. A fragment of HSF1 (aa 201-370) containing the NR is also capable of conferring heat-inducible regulation to the heterologous activation domain of VP16 (Newton et al 1996) . This ability to regulate VP16 suggests that its mode of action does not rely on specific interactions with C-terminal activation domains and is independent of HR-C, which is absent in the heterologous activators. Little is known regarding how heat inducibility is conferred by the NR, but a single point mutation from lysine to alanine at residue 298 has been shown to disrupt this function (Newton et al 1996) .
Transcriptional activation is a separate step from HSinducible DNA-binding activity. In cells treated with sodium salicylate and other anti-inflammatory agents, HSF1 is bound to the promoter, but transcription of hsp70 genes does not occur, suggesting that a final barrier to transcriptional activation is present to prevent fortuitous induction of HS genes (Jurivich et al 1992) . Oxidative injury is another condition where DNA-binding activity is induced but transcriptional activation is blocked (Bruce et al 1993) . Although direct evidence is lacking, it seems likely that the NR is responsible for imposing this final regulatory checkpoint over transcriptional activity.
It is also evident that a different mechanism must determine the oligomerization state and DNA-binding ability of HSF1 as compared to transcriptional activation. This was illustrated when the overexpression of HSF1 in HeLa cells under non-heat shock conditions resulted in DNA binding but no transcriptional activation of the integrated HS reporter gene (hsp70/CAT) (Zuo et al 1995) . Apparently, the titratable cellular factor hypothesized to regulate trimerization and DNA binding was depleted by overexpression of full-length HSF1, but the release of transcriptional repression, presumably controlled by the NR, was not affected.
Results of the current study suggest that the NR can interact with 1 or more TAFs within TFIID. This conclusion is based on the finding that the NR was able to pull down a complex of proteins containing TBP from HeLa nuclear extracts (Fig 6) but was not able to bind TBP directly in vitro (Fig 1B) . Since the interaction between the NR and TFIID occurred in extracts from both control and heat-stressed cells, differential binding of the NR does not appear to be responsible for heat inducibility. Two models that account for AD1 and AD2 binding to TBP and the binding of the NR to TAFs are shown in Figure  10 . In the first model, called the ''constrained access model'' (Fig 10A) , the NR is folded under non-heat shock conditions and assumes a more open, or flexible, conformation with the onset of heat stress. During heat shock or other conditions where HS genes are normally induced, the unfolded conformation of the NR would allow contact between the C-terminal activation domains of HSF1 and TBP. This HSF1:TBP interaction may displace TBP binding by the H region of RNA polymerase II as proposed by Mason and Lis (1997) . This displacement would facilitate release of RNA polymerase from the paused state existing initially at the promoter and prevent the H domain from re-establishing stable contact with TBP during subsequent rounds of reinitiation. According to the constrained access model, the NR would make contact with 1 or more TAFs when HSF1 is bound at the promoter. The interaction between the NR and TFIID would constrain the C-terminus of HSF1 but still permit interaction between HSF1 activation domains and TBP under suitable conditions. The timing and cellular location of NR unfolding is not specified, and the participation of other proteins or possible modification of the NR is not ruled out.
Under certain non-heat shock conditions, such as those existing after treatment of cells with sodium salicylate or after oxidative injury (Jurivich et al 1992; Bruce et al 1993) , the NR would interact with TFIID, but transcriptional activation would not occur. The folded conformation of the NR and the constraints on positioning imposed on the C-terminal activation domains by NR:TAF interactions would prevent the activation domains from contacting TBP. The folded conformation of the NR and the binding of the NR to TFIID would act together to block fortuitous activation of HS genes by a mechanism distinct from that involved in the regulation of HSF1 oligomerization and DNA binding.
When viewed in the context of a single HSF1 monomer, the constrained access model is consistent with the observations of protein-protein interactions; however, the question of access to TBP by other monomer subunits of the HSF1 trimer and by other trimers bound to the pro -Fig 10. Model for the role of the negative regulatory region in controlling transcriptional activity of HSF1. The negative regulatory region (NR) binds to unknown TAF II s (TAF II X) within TFIID under basal and heat shock conditions. (A) Constrained access model. HSF1 is bound to the promoter of HS genes after treatment of cells with antiinflammatory agents such sodium salicylate. Conformation of the NR constrains the C-terminal activation domains of hHSF1 (AD1 and AD2) from making productive contact with TBP. The H domain of paused RNA polymerase II interacts with TBP. After heat shock, the NR assumes a conformation that allows contact between AD1 and AD2 with TBP. The H domain is displaced, and elongation and reinitiation proceed. (B) TFIID distortion model. Access to TBP by activators is determined by TAFs that mask TBP when in contact with the NR under non-heat shock conditions (eg, salicylate treatment). The NR changes conformation in the transition from basal to heat shock conditions. Under non-heat shock conditions, NR contacts with TFIID, causing TBP to be inaccessible to contact with activation domains. Under heat shock, the altered conformation of the NR makes contacts with TFIID that do not result in TBP masking. TAFs are designated X, Y, and Z. The contribution of additional proteins or HSF1 modifications in formation of the active and inactive conformations of the NR is unknown.
moter is not addressed. The constrained access model predicts that the NR must be folded and bound to a TAF in order to block TBP access; neither condition alone would necessarily prevent activator contact with TBP. A better model would provide a mechanism for blocking TBP access to multiple HSFs in view of the relatively large number of HSF monomers potentially bound to a typical HS promoter containing multiple HSE sites.
One possibility is that folding of the NR alone is sufficient to mask the adjacent C-terminal activation domains and prevent TBP access. This simple masking model, however, does not accommodate the possibility that the NR can act in trans, and the role of NR binding to TFIID is left unexplained. The possibility that the NR may act in trans is considered here since preliminary experiments suggest that coexpression of GAL4 DBD-NR fusion protein with GAL4 DBD-AD1ϩ2 inhibits transcription (not shown).
These concerns are resolved in the TFIID distortion model presented in Figure 10B , which provides a mechanism to prevent TBP access for multiple HSFs and accommodates trans-regulation by the NR. Here, the NR is postulated to make 2 different types of contact with the TAFs of TFIID. In the inhibitory mode, the NR assumes a conformation (possibly folded) that distorts TFIID by altering the positioning, or conformation, of TAFs so that activation domains are denied access to TBP. This alteration in TFIID structure would not affect the interaction of prebound H domain but would block HSF activation domains from displacing H domain contacts with TBP. Under induction conditions, the NR would change its conformation (unfold or become more flexible) so that TFIID binding would not cause TAF blockage of TBP access. Alternatively, the NR could mask access to the target site on TBP while attached to the TAFs without making direct contact with TBP. Under HS conditions, NR-TFIID interactions may stabilize TFIID binding to the promoter for multiple reinitiations. The TFIID distortion model predicts that under noninducing conditions, the binding of a single NR to TFIID can inhibit promoter activity mediated by activation domains located on the same protein (cis-regulation) or those present on other HSF1 proteins bound to the promoter.
The finding that HSF1 has affinity for TBP, TFIIB, and TFIIA-␥ is consistent with previous studies related to the function of HS promoters. Numerous reports have shown that in Drosophila and in humans, RNA polymerase II exists in a paused state at the 5Ј end of HS genes under control conditions (Rougvie and Lis 1988; Rasmussen and Lis 1993; Brown et al 1996; Li et al 1996) . Prior to HS and the binding of HSF1 to the HS promoter, RNA polymerase has initiated transcription and has synthesized up to 45 nucleotides of transcript before entering a stably paused state (Rasmussen and Lis 1993) . It follows that HSF is not involved in the initial recruitment of general transcription factors to the promoter. Instead, assembly of the PIC is dependent on the GAGA factor, the presence of a TATAA motif, and sequences downstream near the start of transcription (Lee et al 1992; Shopland et al 1995) . The CTD is hypophosphorylated when RNA polymerase is in the paused state, which is consistent with the prediction that it is bound to TBP (Xia and Voellmy 1997) . Release of the pause requires the binding of HSF1 to the promoter and is proposed to involve the displacement of the H domain from TBP by HSF (Lis and Wu 1993; Xiao et al 1994) . After elongation from the paused state, the only general factors remaining at the promoter are TFIID and TFIIA (Sandaltzopoulos and Becker 1998) . Cell-free systems using reconstituted chromatin have provided evidence that HSF1 also plays an important role in reinitiation (Sandaltzopoulos and Becker 1998) . One pathway critical to efficient reinitiation may be the recruitment of holoenzyme through contacts between HSF1 AD1 (and possibly the OD) and TFIIB. It also seems likely that the demonstrated affinity between HSF1 and general transcription factors TBP and TFIIA-␥ may function in vivo to stabilize the prebound TBP-DNA-TFIIA complex present at the promoter between rounds of reinitiation.
In summary, our studies have identified 3 members of the PIC (TBP, TFIIB, and TFIIA-␥) that may act as targets of contact for hHSF1 in the activation of transcription. Interactions between C-terminal activation domains AD1 and AD2 with TBP may be critical for releasing the paused RNA polymerase tethered to TBP. Competition between the acidic H-domain of RNA polymerase II and HSF1 proposed by Lis and colleagues (Usheva et al 1992; Lis and Wu 1993; Mason and Lis 1997) may be regulated by the constraining influence of the NR domain, which binds to unidentified components of TFIID. According to the proposed model, conformational changes in the NR are critical for access to TBP by HSF1 activation domains AD1 and AD2. In addition to releasing paused polymerase, contacts between HSF1 and TFIIB, TBP, and TFIIA-␥ may also facilitate reinitiation during multiple rounds of transcription. At present, this view of HSF1 function is based only on evidence for protein-protein interactions and is only one of several possible scenarios. Confirmation of the predictions inherent in the proposed model of HSF1 function requires further experimentation.
